In sensitized individuals with asthma, the response to inhaled allergen exposure is often evident as a biphasic decline in lung function comprising the early and late asthmatic responses (EAR/LAR) [@b1],[@b2]. The LAR is regarded as the more clinically important response [@b3]. It is also associated with development of nonspecific airway hyper-responsiveness (AHR) [@b4].

Allergen-provocation is a well-established and highly reproducible clinical challenge model for understanding the mechanisms of asthma and for testing new therapies [@b5]--[@b7]. Approximately 60% of asthma patients have signs of concomitant airborne allergies [@b8] and have a risk of asthma worsening when exposed to allergen [@b9]. Thus, any new medication for asthma should document effects on allergen responses.

This study aimed to determine the effects of the new inhaled corticosteroid (ICS) fluticasone furoate (FF) and the new long-acting beta~2~-agonist (LABA) vilanterol (VI) on the EAR and LAR, when given alone and in combination. Patients with mild asthma who exhibited both EAR and LAR upon allergen challenge were recruited. FF and/or VI were dosed once daily at the doses of 100 μg and 25 μg, respectively, based on previous dose-ranging studies across a range of asthma severities [@b10]--[@b14].

Methods
=======

A detailed description of the challenge methodology is provided in the Supporting Information.

Design
------

This study used a randomized, double-blind, placebo-controlled, four-way crossover design to compare the effects of inhaled FF/VI 100/25 μg, FF 100 μg, and VI 25 μg on the EAR and LAR induced by allergen challenge in patients with mild asthma in four research centers in Sweden (*n* = 2), Australia (*n* = 1), and New Zealand (*n* = 1), and it was conducted between May 2010 and May 2011. Patients underwent screening to determine eligibility to enter the study (14--42 days prior to first dose), followed by a 14-day run-in period, then four treatment periods comprising 21 days of treatment with FF/VI, FF, VI, and placebo via the ELLIPTA™ (GlaxoSmithKline, London, UK) dry powder inhaler (DPI). Patients were required to take their medication between 8 AM and noon each day, no specific time of dosing was set, but each patient was required to take their medication at the same time for each day of the treatment period. The doses emitted were 92 μg of FF and 22 μg of VI. Each treatment period was separated by a washout period of 21--35 days. Morning dosing was used in this study to ensure that the allergen challenge could be conducted and subsequent spirometry data collected during daylight hours. All patients provided written informed consent, and the study was approved by local institutional review boards **(**NCT01128595; GSK study code: HZA113126).

Patients
--------

Patients were 18--65 years of age with bronchial asthma diagnosed for ≥6 months prior to screening and were treated with inhaled short-acting beta~2~-agonist (SABA) alone. A prebronchodilator forced expiratory volume in 1 s (FEV~1~) percent predicted value of \>70%, and a methacholine challenge PC~20~ of \<8 mg/ml were required. During screening, or within 1 month of starting the study, patients were required to exhibit a positive wheal and flare reaction ('skin prick' test ≥3 mm diameter relative to negative control) to at least one of a panel of airborne allergens (horse, cat, dog, birch tree, six grass mix, and house dust mite \[*Dermatophagoides Pteronyssinus*\]). Patients were also required to exhibit an EAR and a LAR during the screening allergen challenge; those with symptomatic hay fever, or those predicted to experience hay fever during days 14--22 of any study period, were excluded. Patients were randomized using a Williams' Square to one of four crossover treatment sequences, in accordance with a randomization schedule generated by the sponsor using validated internal software (RandAll; GlaxoSmithKline, London, UK). An automated, telephone-based interactive voice response system, RAMOS (GlaxoSmithKline, London, UK), was used by the investigators to register patients and obtain randomized treatment assignments in a blinded manner.

Allergen and methacholine challenges
------------------------------------

Patients were challenged with the allergen that produced the greatest reaction on the skin prick test at screening. The allergen challenge was administered 1 h after the final dose of therapy, at the end of each 21-day treatment period. The methacholine challenge was performed approximately 24 h after the allergen challenge was initiated. The rationale for this was twofold: (i) to allow a return to baseline lung function following the allergen challenge and (ii) to assess the effect of therapy on residual AHR, which is known to be associated with the occurrence of the response to allergen [@b4]. Further details of the allergen and methacholine challenges are provided in the Supporting Information.

Spirometry
----------

Spirometry was assessed at screening, pre-dose on day 1, pre- and post-saline inhalation, and then post-allergen challenge at 5, 10, 15, 20, 30, 45, and 60 min, then every 30 min up to 10 h on day 21, and prior to and after methacholine challenge on day 22. Pre-dose FEV~1~ was required to be \>90% of that recorded during screening to enter each treatment period.

Objectives and endpoints
------------------------

The primary objectives of this study were to (i) assess the effect of FF/VI 100/25 μg on the LAR relative to placebo and (ii) to assess the effect of FF/VI 100/25 μg on the EAR relative to monotherapy with FF 100 μg or VI 25 μg. These were assessed through comparison of the primary endpoints of weighted mean FEV~1~ and minimum FEV~1~. For the LAR, values for FF/VI 100/25 μg and placebo were compared 4--10 h post-allergen challenge. For the EAR, values for FF/VI 100/25 μg and FF 100 μg or VI 25 μg were compared 0--2 h post-allergen challenge. Secondary objectives included assessment of the effects of FF 100 μg or VI 25 μg on the LAR relative to placebo; FF/VI 100/25 μg, FF 100 μg, or VI 25 μg on the EAR relative to placebo; FF/VI 100/25 μg, FF 100 μg, or VI 25 μg on AHR (methacholine challenge on day 22) relative to placebo; and FF/VI 100/25 μg on AHR relative to FF 100 μg or VI 25 μg. In addition, the percentage decrease in FEV~1~ from the post-saline baseline measure on day 21 was assessed, for the LAR and EAR. Adverse events (AEs) and serious AEs (SAEs) were assessed from day 1 onward, until the end of the follow-up period. Clinical laboratory tests and vital signs were assessed during screening, at pre-dose on day 1 and on day 21 of each treatment period prior to the allergen challenge. Twelve-lead ECG measurements were conducted during screening, while a physical examination was conducted during screening and follow-up.

Statistical methods
-------------------

A sample size of 20 patients was sufficient to provide at least 90% power to detect a 50% attenuation of the LAR as assessed by the difference between FF/VI 100/25 μg and placebo in both minimum and weighted mean FEV~1~ (4--10 h). Absolute changes from post-saline baseline on day 21 and differences between treatments were determined using a mixed-effects [ancova]{.smallcaps} model to calculate differences, in which treatment period, patient (day 1 pre-dose) baseline FEV~1~, period baseline FEV~1~, and treatment were fixed effects, and patient was a random effect. Statistical significance of treatment comparisons was determined by the absence of zero from the 95% CI following statistical testing. Methacholine challenge PC~20~, on day 22, was analyzed using a mixed-effects [ancova]{.smallcaps} model. Period and treatment were included as fixed effects and subject as a random effect. PC~20~ was log-transformed using base 2 to compare doubling-dose differences between treatments.

Results
=======

Study population and demographics
---------------------------------

Twenty-seven patients were randomized and 26 completed the study. One patient withdrew consent, and there were four protocol deviations during period 1. Data for those patients were excluded from the analysis of the relevant study periods (Fig. [1](#fig01){ref-type="fig"}). Demographics and baseline lung function are presented in Table [1](#tbl1){ref-type="table"}. Fifteen (56%) patients were challenged with house dust mite, 10 (37%) with cat hair/dander, 1 (4%) with birch pollen, and 1 (4%) with grass pollen.

###### 

Demographics and baseline characteristics

  Demographics                                      
  ------------------------------------------------- --------------------
  Age, mean (range)                                 30.8 (18--49)
  Female,%                                          30
  BMI, kg/m^2^, mean (range)                        25.5 (19.2--35.0)
  White race,%                                      93
  Lung function:                                    
   Pre-bronchodilator FEV~1~, mean l (range)        3.7 (2.7--5.0)
   Pre-bronchodilator FEV~1~, mean % Pred (range)   92.3 (71.3--119.8)

BMI, body mass index; FEV~1~, forced expiratory volume in 1 s.
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Efficacy
--------

Mean pre-dose FEV~1~ was similar on day 1 for each treatment period (placebo = 3.67 l; FF/VI = 3.64 l; FF = 3.60 l; VI = 3.62 l). Prior to allergen challenge on day 21, FEV~1~ declined during placebo treatment and improved with all active treatment (Table [2](#tbl2){ref-type="table"}); treatment differences were significant for all comparisons (as indicated by the absence of zero from 95% CIs) except FF/VI *vs* VI (Fig. [3A](#fig03){ref-type="fig"}). Prior to the methacholine challenge on day 22 (i.e., approximately 24 h after the last study dose and the allergen challenge), FEV~1~ continued to be below the day 1 pre-dose measure with placebo therapy (Fig. [2](#fig02){ref-type="fig"}). With FF or VI monotherapy, the day 22 FEV~1~ was similar to the pre-dose day 1 measure, while with FF/VI therapy, it continued to be elevated compared with the day 1 pre-dose measure (Table [2](#tbl2){ref-type="table"}). At this time point, statistical analysis indicated significant differences for comparisons of each active therapy *vs* placebo and for FF/VI *vs* either component (Fig. [3A](#fig03){ref-type="fig"}).

###### 

Efficacy outcomes by therapy arm

  Parameter                                                                 Placebo                   FF 100 μg                 VI 25 μg                  FF/VI 100/25 μg
  ------------------------------------------------------------------------- ------------------------- ------------------------- ------------------------- -------------------------
  FEV~1~: change from pre-dose day 1 to pre-allergen challenge day 21                                                                                     
   Adjusted mean, l (95% CI)                                                −0.061 (−0.147, 0.024)    0.116 (0.030, 0.202)      0.183 (0.095, 0.272)      0.230 (0.145, 0.315)
  FEV~1~: change from pre-dose day 1 to pre-methacholine challenge day 22                                                                                 
   Adjusted mean, l (95% CI)                                                −0.203 (−0.298, −0.107)   0.030 (−0.066, 0.127)     0.023 (−0.073, 0.119)     0.203 (0.109, 0.296)
  EAR (0--2 h post-challenge): change from saline on day 21                                                                                               
   Adjusted mean min FEV~1~, l (95% CI)                                     −1.091 (−1.344, −0.837)   −0.826 (−1.070, −0.581)   −0.955 (−1.209, −0.702)   −0.614 (−0.858, −0.370)
   Adjusted mean wm FEV~1~, l (95% CI)                                      −0.560 (−0.745, −0.374)   −0.386 (−0.565, −0.207)   −0.533 (−0.718, −0.348)   −0.297 (−0.476, −0.118)
   Adjusted mean FEV~1~,% (95% CI)                                          −28.05 (−35.60, −20.51)   −22.33 (−28.82, −15.85)   −23.10 (−30.27, −15.93)   −16.10 (−22.22, −9.99)
  LAR (4--10 h post-challenge): change from saline on day 21                                                                                              
   Adjusted mean min FEV~1~, l (95% CI)                                     −0.731 (−0.878, −0.584)   −0.188 (−0.315, −0.061)   −0.536 (−0.676, −0.396)   −0.216 (−0.343, −0.088)
   Adjusted mean wm FEV~1~, l (95% CI)                                      −0.466 (−0.589, −0.343)   0.018 (−0.089, 0.125)     −0.298 (−0.415, −0.181)   0.018 (−0.089, 0.124)
   Adjusted mean FEV~1~,% (95% CI)                                          −21.08 (−26.72, −15.44)   −5.02 (−8.34, −1.69)      −14.30 (−18.81, −9.78)    −5.83 (−9.30, −2.37)
  Methacholine challenge: day 22                                                                                                                          
   Geometric mean PC~20~ concentration, mg/ml (95% CI)                      0.191 (0.110, 0.331)      0.585 (0.342, 1.000)      0.228 (0.133, 0.393)      1.028 (0.610, 1.732)

EAR, early asthmatic response; FEV~1~, forced expiratory volume in 1 s; FF, fluticasone furoate; LAR, late asthmatic response; VI, vilanterol; wm, weighted mean.
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After placebo treatment, allergen challenge caused a biphasic decline in absolute FEV~1~ (Fig. [2](#fig02){ref-type="fig"}) and percent change in FEV~1~ (Fig. [S1](#sd1){ref-type="supplementary-material"}). Comparative time course figures showing differences between active therapy and placebo and FF/VI and its components are shown in Fig. [S2](#sd1){ref-type="supplementary-material"}. Relative to the EAR observed following placebo, the EAR was reduced following FF, VI, and FF/VI therapy (Table [2](#tbl2){ref-type="table"}); treatment differences are shown in Fig. [3B](#fig03){ref-type="fig"}. Relative to placebo, the LAR was also reduced by all active therapies (Table [2](#tbl2){ref-type="table"}); treatment differences are shown in Fig. [3C](#fig03){ref-type="fig"}. AHR, assessed by methacholine challenge approximately 24 h after allergen challenge, was significantly reduced with FF/VI and FF relative to placebo, while no significant effect was observed with VI treatment relative to placebo. Comparison of FF/VI *vs* its components showed a significant reduction in AHR for the combination compared with either component alone (Table [2](#tbl2){ref-type="table"}/Fig. [3D](#fig03){ref-type="fig"}).

Safety
------

The proportion of AEs was 74%, 70%, 85%, and 70% during the FF/VI, FF, VI, and placebo treatment periods, respectively (Table [3](#tbl3){ref-type="table"}). There were no serious AEs, and no patients were withdrawn from the study or discontinued study treatment because of an AE. No clinically significant abnormalities in laboratory findings, ECG readings, or vital signs occurred in patients receiving active treatment during this study.

###### 

Treatment-related adverse events

  *N* (%)              Placebo (*n* = 27)   FF 100 μg (*n* = 27)   VI 25 μg (*n* = 27)   FF/VI 100/25 μg (*n* = 27)
  -------------------- -------------------- ---------------------- --------------------- ----------------------------
  Any AE               7 (26)               5 (19)                 4 (15)                6 (22)
  Headache             4 (15)               1 (4)                  2 (8)                 4 (15)
  Oral candidiasis     2 (7)                0                      0                     0
  Oropharyngeal pain   1 (4)                1 (4)                  0                     2 (7)
  Throat irritation    0                    1 (4)                  1 (4)                 0
  Dry throat           0                    1 (4)                  0                     0
  Dyspepsia            0                    1 (4)                  0                     0
  Dysphagia            0                    0                      0                     1 (4)
  Nausea               1 (4)                0                      0                     0
  Oral herpes          0                    0                      1 (4)                 0
  Pharyngitis          0                    0                      0                     1 (4)

AE, adverse event; FEV~1~, forced expiratory volume in 1 s; FF, fluticasone furoate; VI, vilanterol.

Discussion
==========

This crossover, double-blind study is the first to compare the effects of once-daily regular treatment with FF/VI 100/25 μg and its components on allergen-induced asthma. FF reduced the EAR, LAR, and AHR, while addition of VI to FF further reduced the allergen-induced EAR and AHR 24 h after the allergen provocation.

ICS is effective in allergic asthma [@b15], and this study establishes the efficacy of FF in attenuating the EAR, LAR, and AHR in allergic asthma patients. The attenuation of EAR and LAR observed with FF in the present study, in which the allergen challenge was initiated 1 h post-dose, is comparable in % terms with those described for other ICS at clinical doses [@b6],[@b16]. The effects of ICS on allergen-induced inflammation and its consequent effect on lung function in asthma are generally ascribed to effects on mast cells [@b17], eosinophilic inflammation [@b4],[@b18], and pro-inflammatory T-lymphocytes [@b19]. These effects may have contributed to the mechanisms through which FF attenuated the allergic response in the current study; however, such an effect of FF cannot be confirmed by the current study, as inflammatory markers such as sputum eosinophil levels were not assessed. Pre-clinical studies have indicated that FF has greater anti-inflammatory effects than fluticasone propionate [@b8],[@b21],[@b22]. Nevertheless, in humans the comparative anti-inflammatory activity of FF *vs* other ICS remains to be determined, both on allergen-induced asthma and in regular therapy in a real-world setting.

The effects of regular therapy with VI alone were also assessed in this study. VI improved lung function in patients with mild allergic asthma following 21 days of therapy and significantly attenuated the LAR, but exhibited a nonsignificant effect on the EAR. These effects are most likely due to a direct bronchodilatory effect of VI, as has been described in other LABA/ICS allergen challenge studies [@b7],[@b23] and in a prior lung function study of VI [@b13]. Importantly, it must be considered that despite these findings, monotherapy with a LABA is not recommended in asthma [@b15].

Combining FF and VI resulted in additional attenuation of the EAR over that observed with either therapy alone, most likely as a consequence of the different mechanisms involved. VI did not add to the inhibition of the LAR *vs* FF, which may be explained by FF therapy alone resulting in a small increase in lung function during the LAR, thus allowing little possibility to detect further improvements. Finally, addition of VI to FF did result in greater protection from methacholine responsiveness 24 h after allergen provocation and the last dose of drug therapy relative to FF alone. Together, these data confirm that FF/VI exhibits efficacy 24 h after the previous dose and provides additional protection to AHR compared with FF or VI alone. It is conceivable that part of the effect of FF/VI on the AHR is related to a reduced inflammatory response following exposure to allergen, which is maintained to some extent approximately 24 h post-dose.

As the response to experimental and environmental inhaled aeroallergens is associated with both bronchoconstriction and activation of the immune system [@b1], it follows that maximal protection from the clinical response may be achieved by targeting both these features. Indeed, both the VI and FF components show efficacy in the current study, suggesting a benefit of both ICS and bronchodilators in allergen-induced asthma. Furthermore, the combined protective effects of VI and FF on AHR again support the concept that both pharmacological entities contribute to the benefit of the combination. This is of potential clinical relevance to the patient, as an acute decline in lung function of approximately 37% is perceived as a 10-fold increase in breathlessness [@b24]. It is thus conceivable that therapies that limit the acute effects of the EAR and the more long-term effects of the LAR (i.e., development of AHR) could limit the detrimental effects of exposure to aeroallergens in sensitized asthma patients.

AEs, whether drug related or not, were similar when patients received placebo or active treatment. No significant steroid-mediated side-effects were reported when patients received FF, nor were any significant LABA-mediated effects reported when patients received VI.

In the present study, the allergen challenge was conducted shortly after the final dose of therapy, and the sustained protection from the allergic response provided by FF and/or VI at longer time points after dosing was thus not assessed. However, a separate study evaluating the EAR only has shown efficacy of FF/VI and FF when the allergen challenge was performed 23 h after the last dose of regular therapy [@b25]. In the current study, we followed lung function up to 10 h, followed by measurements at 24 h. However, at the 10-h time point, some degree of LAR was still ongoing, and additional measurements could have provided more detailed information on the time course of the effects of FF, VI, and FF/VI on the LAR. Additionally, no allergen 'vehicle' provocation was conducted as a comparator for normal lung function over the period of the allergen challenge, nor was a challenge conducted after a shorter period of dosing (e.g., 1 day), which could have determined whether the bronchoprotection afforded by FF/VI is immediate or cumulative. Therefore, additional studies are needed to fully understand the time course of the effect of FF/VI, as well as the biologic mechanisms by which the effects on the allergic response are asserted.

This study shows that combining FF and VI efficiently reduces the response to inhaled allergen in patients with mild allergic asthma. The data further suggest that the effect of a combination of ICS and LABA is mediated through additive effects on the different components of the allergic asthma response. Thus, both FF and VI have protective effects on the asthmatic response, and combining them reduces the response further than either of the drugs alone. Together, these results demonstrate that the combination of FF and VI can be effective in patients with allergic components in their asthma. Whether this once-daily regimen approach leads to increased adherence and greater effectiveness remains to be proven in prospective real-life studies.
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**Figure S1.** Mean percent change (95% CI) from post-saline baseline.

**Figure S2.** (A) Mean differences (95% CI) between active treatments and placebo from day 1 to day 21, over the allergen challenge time course (EAR and LAR) and to pre-methacholine challenge on day 22 for each treatment. (B) Mean differences (95% CI) between combination and components from day 1 to day 21, over the allergen challenge time course (EAR and LAR) and to pre-methacholine challenge on day 22 for each treatment.

**Figure S3.** The screening allergen challenge.

**Figure S4.** The bolus allergen challenge and methacholine challenge.
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